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INTRODUCTION

Extracellular polysaccharides (exopolysaccharides) (EPS)
are commonly found in bacteria and microalgae and less fre-
quently in yeasts and fungi (39, 142, 160, 168, 217). Several
lactic acid bacteria (LAB), including species of Lactobacillus,
are known to produce EPS. Depending on their composition
and mechanism of biosynthesis, EPS are divided in two classes:
heteropolysaccharides and homopolysaccharides. Heteropoly-
saccharides consist of multiple sugar types and are synthesized
by the combined action of multiple different types of glycosyl-

transferase enzymes (39). In contrast, homopolysaccharides
are synthesized from the sole substrate sucrose by the action of
one sucrase enzyme. Sucrase-type enzymes synthesize polysac-
charides consisting of either glucose sugar residues (glucans)
or fructose residues (fructans).

Homopolysaccharide synthesis in LAB has mainly been
studied in oral streptococci and Leuconostoc spp. (124, 126,
149, 153). Because of their clearly established role in formation
of dental caries (7) Streptococcus mutans and Streptococcus
sanguis strains have been subject to a number of studies (18,
100, 109, 157, 159). Interestingly, there is increasing evidence
that a number of Lactobacillus species are also associated with
advanced stages of dental caries (26). Both glucans and fruc-
tans (see below) formed by oral streptococci (and lactobacilli)
apparently have major influences on the formation of dental
plaque. They are involved in adherence of bacteria to each
other and to the tooth surface, modulating diffusion of sub-
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stances through plaque, and occasionally serving as extracellu-
lar energy reserves (29, 41, 141, 162). Alternatively, these poly-
mers may protect microbial cells against desiccation, phagocytosis
and phage attack, antibiotics or toxic compounds, predation by
protozoans, and osmotic stress (20).

In general, glucans and/or fructans can be used as viscosify-
ing, stabilizing, emulsifying, sweetening, gelling, or water-bind-
ing agents, in the food as well as in the nonfood industries (40,
51, 66, 190, 217, 218). Certain oligosaccharides (e.g., fructo-
oligosaccharides, isomaltooligosaccharides, and lactulose) and
polysaccharides (e.g., fructans) are used as prebiotic food ad-
ditives (14, 15, 50, 84, 151, 164). Additionally, oligosaccharides
containing �-(132) glucosidic bonds are in some cases used as
feed additives (127).

Over the years a large number of glucansucrase and fruc-
tansucrase genes and enzymes have been identified by cloning,
reverse genetics, and various enzyme activity assays. Enzymes
synthesizing �-glucan polymers, glucansucrases (GS), are lim-
ited to LAB while enzymes synthesizing fructans, fructansu-
crases (FS), are present in gram-positive and gram-negative
bacteria (33; http://afmb.cnrs-mrs.fr/CAZY/). Fructan biosyn-
thesis also is known to occur in plants and fungi and involves a
set of enzymes which are evolutionarily related to sucrose-
hydrolyzing enzymes (invertases). They are clearly different
from their bacterial counterparts (75, 106, 205, 216). Although
the GS and FS enzymes perform very similar reactions on the
same substrates (see below), they do not share a high amino
acid sequence similarity, and differ strongly in protein struc-
tures.

The properties of GS of Streptococcus and Leuconostoc spp.
(124, 126, 149, 154) and FS of LAB (126) have been reviewed
previously. In view of the many recent developments in the
understanding of the structure-function relationships of these
sucrase enzymes, including GS and FS enzymes from lactoba-
cilli, an overview of current knowledge of the sucrase field of
research is presented here, with a focus on sucrase enzymes
from LAB.

NOMENCLATURE AND CLASSIFICATION OF
SUCRASE ENZYMES

According to the Nomenclature Committee of the Interna-
tional Union of Biochemistry and Molecular Biology, the follow-
ing GS enzymes are classified based on the reaction catalyzed and
the product specificity: dextransucrase (sucrose:1,6-�-D-glucan-6-
�-D-glucosyltransferase, EC 2.4.1.5) and alternansucrase [sucrose:
1,6(1,3)-�-D-glucan-6(3)-�-D-glucosyltransferase, EC 2.4.1.140].
At present, the mutan-(sucrose:1,3-�-D-glucan-3-�-D-glucosyl-
transferase) and reuteransucrase [sucrose:1,4(6)-�-D-glucan-4(6)-
�-D-glucosyltransferase] enzymes mentioned are classified to-
gether with dextransucrase enzymes in EC 2.4.1.5. Also, two FS
enzymes are distinguished now, based on the different products
synthesized: inulosucrase (sucrose:2,1-�-D-fructan-1-�-D-fructo-
syltransferase, EC 2.4.1.9) and levansucrase (sucrose:2,6-�-D-
fructan-6-�-D-fructosyltransferase, EC 2.4.1.10).

As described above, glucan- and fructan-synthesizing enzymes
have been referred to as glucansucrase/glucosyltransferase and
fructansucrase/fructosyltransferase, respectively (33; http://afmb
.cnrs-mrs.fr/CAZY/). Since glucosyltransferase and fructosyl-
transferase refer to enzyme activities that are widely found in

nature for enzymes that catalyze the transfer of, for instance,
glucosyl and fructosyl sugar units, they are not descriptive for
the substrate and product specificity of sucrase-type enzymes.
Therefore, in this review we only use glucansucrases and fruc-
tansucrases for enzymes synthesizing homopolysaccharides
from sucrose.

In another classification system, glycoside hydrolase (GH)
enzymes have been divided into 100 different families based on
their amino acid sequences (33; http://afmb.cnrs-mrs.fr/CAZY/).
In view of their (different) sequence similarities, GS and FS
have been included in the families GH70 and GH68, respec-
tively. Evolutionarily, structurally, and mechanistically related
families are further grouped into clans. Enzymes from the
families GH32 (consisting mainly of plant and fungal fructo-
syltransferases) and GH68 comprise clan GH-J. The members
of clan GH-J possess a five-bladed �-propeller structure (33;
http://afmb.cnrs-mrs.fr/CAZY/), with three identical catalytic
(Asp, Glu, and Asp) residues, and use a retaining reaction
mechanism. Enzymes from families GH13 (mainly starch mod-
ifying enzymes) and GH70 and GH77 (4-�-glucanotransferases)
constitute clan GH-H (also known as �-amylase superfamily)
containing an �-amylase-type catalytic (�/�)8-barrel, a catalytic
machinery with the catalytic Asp, Glu, and Asp residues at strands
�4, �5, and �7, respectively, and a retaining reaction mechanism
(see below).

The nomenclature for enzymes that synthesize polymers con-
taining predominantly one linkage type is relatively straightfor-
ward, for instance, dextransucrase and levansucrase. The no-
menclature for an enzyme synthesizing comparable numbers of
different glycosidic linkages is a dilemma, since it could be
assigned to multiple classes. An example is the GtfL enzyme
from Streptococcus salivarius ATCC 25975 (Table 1). Similar
problems might arise for FS, with several enzymes already syn-
thesizing both �-(236) and �-(231) glycosidic bonds (Table 2).
This nomenclature problem is the more pressing since recent
GS enzyme engineering work has revealed that a limited num-
ber of amino acid substitutions may cause large changes in
glucosidic linkages in products synthesized by (mutant) sucrase
enzymes (96) (see below). In view of their similar structures
and reaction mechanisms, we propose that sucrase enzymes
synthesizing multiple glycosidic linkages in their products in
future be labeled glucansucrases (GS) and fructansucrases
(FS), respectively.

GLUCANSUCRASES

Microbial glucansucrase enzymes (GH70) exclusively synthe-
size �-glucan polymers. Synthesis of these polymers has been
observed in four different genera of LAB: Streptococcus, Leu-
conostoc, Weissella, and Lactobacillus (95, 98, 124, 176, 197, 198,
209).

GS are large, extracellular proteins with average molecular
masses of 160,000 Da. A large number of GS genes have been
identified; for an overview consult the CAZY website (http:
//afmb.cnrs-mrs.fr/CAZY/). With the release of newly se-
quenced LAB genomes the list of known or putative LAB GS
genes requires updates. An example is a putative GS gene similar
to gtfD from S. mutans GS-5 present in the genome sequence of
Oenococcus oeni (http://genome.jgi-psf.org/mic_home.html). It
should be emphasized that GS genes and enzymes have not been
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reported outside LAB. The reason for this limited distribution of
GS genes and enzymes in LAB is unknown.

GS enzymes synthesize various glucans differing in the type
of glucosidic linkages, degree and type of branching, length of
the glucan chains, molecular mass, and conformation of the
polymers. All these properties strongly contribute to specific
polysaccharide properties such as solubility, rheology, and
other physical characteristics (124). Many factors, including
growth medium, temperature, incubation time, sucrose con-
centration used, and the presence of polysaccharide-degrading
enzymes influence the molecular mass, structure, and physical
characteristics of the polymers synthesized by a specific organ-
ism (85, 124).

Nevertheless, the information for glucosidic bond specificity
(and other characteristics) must be encoded somewhere in the
enzyme amino acid sequence and protein structure. Cracking
the code for these product specificities is one of the clear
challenges in GS enzyme research (see below).

Reactions Catalyzed and Glucan Product Synthesis

GS enzymes cleave the glycosidic bond of their substrate
sucrose and couple a glucose unit to a growing glucan (poly-
glucose) chain (transglucosylation), water (hydrolysis), or other
acceptor substrate (acceptor reaction). The energy released by
cleavage of the energy-rich glycosidic bond in sucrose is used
for synthesis of new glucosidic bonds. Dextran is synthesized
according to the following reaction:

sucrose � (1,6-�-D-glucosyl)n3 D-fructose

� (1,6-�-D-glucosyl)n�1

There are many examples of GS enzymes that synthesize
linear glucans with �-(136) glucosidic linkages (dextran). GS
enzymes introducing other glucosidic linkages are discussed
below. There are also many examples of GS enzymes that
catalyze the formation of two different glucosidic linkages. This
results either in a (highly) branched glucan product, based on
a branching type of reaction, or in a linear glucan with two
different (alternating) glucosidic bonds. Unfortunately, de-
tailed structural information for both the GS proteins and their
glucan products is still lacking.

Glucan synthesis. Depending on the main glucosidic link-
ages present in their glucan, four different types of �-glucans
synthesized by LAB are recognized: dextran, mutan, alternan,
and reuteran.

Pasteur (143) discovered the microbial origin of the jellifi-
cation of cane sugar syrups. The product causing the jellifica-
tion was named dextran due to its positive rotatory power. The
corresponding extracellular enzyme was named dextransucrase
(73). A common feature of all dextrans is the abundance of
�-(136) linkages with some branching points at position 2, 3,
or 4. Dextrans are produced by, for instance, Leuconostoc
mesenteroides strains (20).

Guggenheim (63) showed that water-insoluble glucan from
S. mutans OMZ176 contained a high proportion (up to 90%)
of �-(133) glucosidic linkages. He proposed the name mutan
for this polymer. The corresponding GS enzyme became named
accordingly as mutansucrase. Mutan polymers are mainly pro-

duced by various streptococci (65).
Côté and Robyt isolated an �-glucan polymer from L. mes-

enteroides NRRL B-1355 composed of alternating �-(136)
and �-(133) glucosidic linkages. To distinguish between the
dextran [95% �-(136)] also synthesized by this strain, they
named this polymer alternan and the corresponding GS en-
zyme alternansucrase (32).

Recently, a new type of glucan was identified from Lactobacil-
lus reuteri 121 containing mainly �-(134) glucosidic linkages
(208). The glucan product was named reuteran and the corre-
sponding GS enzyme reuteransucrase (99). Reuteran, synthesized
by L. reuteri 121, is a glucan with �-(134), �-(136) glucosidic
bonds and �-(134,6) branching points (97).

Finally, an �-glucan containing, besides large numbers of
�-(136) linkages, a substantial number of �-(132) linkages is
produced by two different L. mesenteroides strains: NRRL
B-1299 and a mutant strain (R510) of NRRL B-1355 (17, 184).

A few LAB strains carry multiple GS genes (gtf) in their
genome sequence (Table 1). In order to elucidate which en-
zyme activities are encoded, these genes were cloned and het-
erologously expressed. The distribution of glucosidic linkages
has been elucidated for the glucans synthesized from sucrose
by heterologously produced (mostly using Escherichia coli as
the host) GS enzymes from (i) seven Streptococcus strains (13
GS enzymes, synthesizing either dextran or mutan polymers)
(67, 90, 124), (ii) four Leuconostoc strains (seven GS enzymes,
synthesizing mainly dextran polymers, but also one alternan,
and a GS synthesizing large numbers of �-(132,6) branch
points) (4, 17, 55, 124, 135), and (iii) seven Lactobacillus strains
(seven GS enzymes, synthesizing mainly dextrans, but also re-
uteran, and a highly branched mutan) (94, 95, 97) (Table 1).

Acceptor reaction. Koepsell et al. (89) observed that in the
presence of sucrose and saccharide acceptor substrates such as
maltose, isomaltose, and O-�-methylglucoside, GS enzymes
shift from glucan synthesis towards the synthesis of oligosac-
charides (the acceptor reaction). Most acceptor reaction stud-
ies have been performed using saccharides (5, 42, 43, 53, 94,
99) or saccharide derivatives as substrates (31, 36, 150). How-
ever, aromatic compounds (e.g., catechine) and salicyl alcohol
have also been shown to act as acceptor substrates (114, 221).
GS enzymes cannot use sucrose itself as an acceptor substrate.

Where studied, glucosidic bond specificity observed in poly-
mers is also retained in the oligosaccharides synthesized by
these GS enzymes in their acceptor reaction (32, 42, 99).

Structural and Functional Organization of
Glucansucrase Enzymes

Based on the deduced amino acid sequences, GS enzymes
are composed of four distinct structural domains from the N
to the C terminus (Fig. 1): (i) a signal peptide, (ii) an
N-terminal stretch of highly variable amino acids, (iii) a
highly conserved catalytic and/or sucrose binding domain of
about 1,000 amino acids, and (iv) a C-terminal domain that
is composed of a series of tandem repeats which is thought
to be involved in glucan binding (61, 161). Characterization
of several heterologously produced and purified GS en-
zymes has clearly shown that they are able to introduce
multiple glucosidic bonds in their products, (largely) based
on the single catalytic domain present (Table 1). Where stud-
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ied, this was corroborated by the the composition of the polymer
synthesized by the LAB host (Table 1). An exception to this rule
is the GS from L. mesenteroides NRRL B-1299 (DSRE), which
carries an additional C-terminally located catalytic domain
(17) (Table 1). Evidence has been provided that this additional
C-terminal domain is responsible for introduction of the
branch points in the product synthesized (47).

Signal peptide and N-terminal variable domain. All GS of
LAB are extracellular enzymes and the N termini of these
enzymes contain a signal peptide for protein secretion (36 to
40 amino acids) (Fig. 1). The stretch of amino acids between
the signal peptide and the core region of GS is highly variable
both in composition and in length (200 to 700 amino acids).

Different repeating units have been identified in the variable

FIG. 1. Schematic representation of GS from LAB. The deduced amino acid sequence of the L. reuteri 121 glucansucrase was used as the
template (97). The four different regions shown are (i) the N-terminal signal sequence; (ii) the N-terminal variable region; (iii) the catalytic core;
and (iv) the C-terminal GBD. Alignments (SequenceLogo, http://weblogo.berkeley.edu/) are shown of short regions in GS enzymes (GH70) with
conserved amino acid residues for which mutant information is available in the literature. The GS protein sequences used are listed in Table 1.
The four conserved regions (I to IV) first identified in members of the �-amylase family (GH13) (191) which can also be found in GS enzymes
(family GH70) are indicated (see also Fig. 2). The seven residues that are fully conserved in family GH13 are also present and fully conserved in
the GS family (GH70), except the histidine residue in region I which is present in virtually all family GH13 enzymes but is replaced by a conserved
glutamine (Gln1514) in all GS enzymes (110, 121). The seven conserved residues are indicated with arrows, and black arrows indicate the three
catalytic residues. (A) Tyr residues, at positions 169 to 172 in GTFB of S. mutans GS5; mutation of these residues into Ala only changed the
adhesiveness of the glucan products (202). (B) Thr344Leu, Glu349Leu, and His355Val of GTF-I, causing drops in enzyme activities of 30-, 4-, and
7-fold, respectively (122). (C) Asp511Asn and Asp513Asn, Asp411 and Asp413, and Asp437 and Asp439 of DSRS from L. mesenteroides NRRL
B-512F and GTFB and GTFC from S. mutans GS-5, respectively, resulting in complete loss or strongly decreased activities (28, 119). GTFB
Val412Ile and GTFC Val438Ile, resulting in enhanced insoluble glucan synthesis of about 10 to 20%, whereas soluble glucan synthesis by these
enzymes was significantly lower than for the wild type (28), and GTFB (Glu422Gln) and GTFC (Glu448Gln), resulting in 40% reduced glucan
synthesizing activity (28). (D) Catalytic nucleophile in region II, Asp415Asn, and Asp1024Asn (resulting in complete loss of enzyme activity) of
GTFI from S. mutans (38) and GTFA from L. reuteri 121 (99). (E) Acid/base catalyst in region III, Glu453Gln, and Glu1061Gln (resulting in
complete loss of enzyme activity) of GTFI (38) and GTFA (99), respectively. (F) Transition state stabilizer in region IV, Asp526Asn and
Asp1133Asn (resulting in complete loss of enzyme activity) of GTFI (38) and GTFA (99). Other important residues targeted in regions 2D to 2F
are discussed in detail in the text. (G) Gln937His in GTFI of Streptococcus downei, resulting in drastic but not complete loss of activity (121).
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domains of GS enzymes from various LAB organisms (17, 56,
79, 95, 97) (Table 1). The functions of the N-terminal variable
domain (and repeats) have remained unclear. Deletion studies
of the complete N-terminal variable domain in GTFI of Strep-
tococcus downei MFe28 demonstrated that it does not play a
significant role in glucan structure determination (116). Addi-
tional N-terminal deletions resulted in drastic loss of enzyme
activity, also indicating that the N-terminal part of the catalytic
core had been deleted (122). The relatively large N-terminal
variable domain of GTFA of L. reuteri 121 is important for
activity with sucrose, but its deletion has only minor effects on
glucan product characteristics (99).

Catalytic domain. Detailed structural data for GS proteins
of family GH70 is lacking at present. However, secondary-
structure prediction studies of the catalytic domain, corrobo-
rated by circular dichroism experiments, have shown that GS
proteins possess a (�/�)8 barrel structure as found in glycosi-
dases from family GH13, e.g., with �-amylase, cyclodextrin
glucanotransferase (CGTase) and amylosucrase (38, 111, 117).

The (�/�)8-barrel structure motif of GS is presumably circu-
larly permuted and is characterized by the presence of eight
�-sheets (E1 to E8) located in the core of the protein, alter-
nating with eight �-helices (H1 to H8) located at the surface of
the protein (Fig. 2) (111).

The four conserved regions (I to IV) of amino acids identi-
fied in the members of family GH13 (191) are also present in
GS proteins. However, as a consequence of the circular per-
mutation, region I in GS enzymes is located C-terminally of
regions II to IV (Fig. 1 and 2). The seven amino acid residues
that are fully conserved in family GH13 are also present and
fully conserved in the GH70 family, except His122 (Taka-
amylase A numbering), which is replaced by Gln in all GS
enzymes (110) (Gln1514, GTFA L. reuteri 121 numbering; Fig.
1 and 2) (111, 121).

(i) Catalytic residues. Since GS enzymes and the enzymes of
family GH13 share a related structural fold and a similar cat-
alytic triad of amino acid residues (see below), the wealth of
structure-function information uncovered for family GH13 en-

FIG. 2. Topology diagrams of members of �-amylase family GH13 (A) and GS proteins of family GH70 (B). The catalytic domain of �-amylases
has a (�/�)8 barrel structure, starting with �-strand 1 and ending with �-helix 8. The B domain is located between �-strand 3 and �-helix 3. GS
have a putative circularly permuted (�/�)8 barrel structure (111), which starts with �-helix 3 (�-amylase numbering) and ends with �-strand 3.
Between �-helix 8 and �-strand 1, a large stretch of unknown function is located. The locations of the four conserved regions (I to IV) in family
GH13 (and family GH70) are indicated with dashed boxes. Amylosucrase has a domain loop (B� domain; important for polymerizing activity;
indicated with a dashed line and circle) consisting of approximately 60 amino acid residues which is located after �-strand 7 (182, 183), immediately
after the two catalytically important His392 and Asp393 residues located in conserved region IV (165) (Fig. 1). GS proteins also contain an
additional “loop” (about 45 amino acids; indicated with a dashed line) compared to �-amylase enzymes, which is located between �-strand 7 and
�-helix 7. Conceivably, this loop is also important for polymerizing activity. The approximate sites of the three catalytic residues (D, E, and D) are
indicated. B, B domain; C, C domain; GBD, glucan binding domain; VR, variable region. (Adapted from reference 96 with permission of the
publisher. Copyright 2005 American Chemical Society.)
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zymes may serve as a template to deepen our understanding of
the mode of action of GS enzymes. Most members of family
GH13 act on starch, e.g., �-amylase and CGTase. Whereas
�-amylases generally hydrolyze �-(134) glucosidic bonds,
CGTases mainly catalyze transglycosylation reactions, synthe-
sizing unique circular �-(134)-linked oligosaccharides from
starch (cyclodextrins) (146). Amylosucrase is the only enzyme
from family GH13 that uses sucrose as a substrate to synthesize
�-glucan polymers containing �-(134) glucosidic linkages (3,
182). For family GH13 enzymes, high-resolution three-dimen-
sional structures are available, often in complex with sub-
strates, inhibitors, or products (207). The three-dimensional
structures of amylosucrase (also in complex with sucrose, oli-
gosaccharides, and with a covalently bound glucopyranosyl
moiety) resemble those of other proteins of family GH13 (80,
115, 181, 183).

Sequence alignments, mutagenesis studies, and three-di-
mensional structure analyses within family GH13 have resulted
in identification of the amino acid residues involved in catalysis
(204). Enzymes of family GH13 contain three amino acids with
Bacillus carboxyl groups crucial for catalysis, Asp229/Asp286,
Glu257/Glu328, and Asp328/Asp393 (CGTase of B. circulans
251 numbering and amylosucrase of Neisseria polysaccharea
numbering) present at or near C-terminal �-strands 4, 5, and 7
(using the structure element numbering of family GH13 pro-
teins) (Fig. 1 and 2) (204). Three corresponding residues,
present in similar locations in the secondary structure, are also
essential for activity in family GH70 (GS) enzymes (38, 99).

Within both families GH13 and GH70 Asp1024 (catalytic
nucleophile, GTFA L. reuteri 121 numbering) (Fig. 1D) is
involved in the formation of the covalent glucosyl-enzyme
complex (80, 111, 128, 129, 204). Its mutagenesis in family
GH13 and family GH70 enzymes resulted in drastic loss of
enzyme activity (38, 83, 88, 99, 119, 165). Site-directed mu-
tagenesis studies in family GH13 and family GH70 enzymes
have also provided evidence for the crucial roles of the other two
invariable residues in catalysis (acid/base catalyst, Glu1061) (Fig.
1E) and, transition state stabilizer, Asp1133 (Fig. 1F) (GTFA
Lactobacillus reuteri 121 numbering) (Fig. 1 and 2) (38, 88, 99,
111, 165).

(ii) Catalytic site. Besides these three catalytic residues, the
active site of members of the �-amylase superfamily contains two
His amino acid residues important for activity and proposed to be
involved in stabilization of the transition state (111, 131, 165).
One of these His residues (His327 in B. circulans 251 CGTase and
His392 in N. polysaccharea amylosucrase) is also conserved in GS
enzymes (His1132 in L. reuteri 121 GTFA; Fig. 1F). Its mutation
(His661Arg in L. mesenteroides NRRL B-512F DSRS and
His561Gly in S. mutans GS-5 GTFB) resulted in very low residual
enzyme activities (119, 202). This residue thus may play a similar
role in GS enzymes.

The other His residue (His140 in B. circulans 251 CGTase
and His187 in N. polysaccharea amylosucrase), involved in
transition state stabilization (131, 165), is replaced by Gln in all
GS enzymes known (Gln1514 in L. reuteri 121 GTFA; Fig. 1G)
(111, 121). Its mutation, Gln937His, in GTFI of S. downei
MFe28 resulted in drastic but not complete loss of activity
(121). The authors concluded that Gln937 plays no direct role
in cleavage of sucrose and in formation of the covalent glu-
cosyl-enzyme intermediate, but may be important for transi-

tion state stabilization (121). Mutagenesis of Gln937Asn in
GTFI also resulted in reduced activity and modified distribution
of oligodextran and nigero-oligosaccharide products (121). Anal-
ogously, in CGTase, mutation of the corresponding His residue
(His140) resulted in lower activity and altered product formation
(131).

No GS enzyme mutagenesis data are available for the other
two of the seven fully conserved residues, Arg1022 (Fig. 1D)
and Asp1509 (Fig. 1G). However, mutagenesis of the corre-
sponding residues in CGTase (Arg227 and Asp135, CGTase B.
circulans 251 numbering) resulted in drastically decreased ac-
tivities (103). Analysis of mutants in these conserved GS amino
acid residues is required to elucidate their true function.

(iii) Amino acid substitutions. The structural similarities
between GS and the enzymes of family GH13 (see above)
allow rational identification of regions important for enzyme
activity and product specificity. Based on a comparison of
sugar-binding acceptor subsites in family GH13 enzymes (111),
the locations of three regions putatively involved in acceptor
substrate binding in GS enzymes were identified. These were
C-terminal of the catalytic residues Asp1024 (GTFA number-
ing, region II, Fig. 1D) and Glu1061 (region III, Fig. 1E). A
third acceptor substrate binding region was identified on the
basis of mutagenesis studies with different GS enzymes, involv-
ing amino acid residues 1134, 1135, 1136, 1138, and 1142
(GTFA L. reuteri 121 numbering). This region is located C-
terminal of the catalytic residue Asp1133 (region IV, Fig. 1F),
determining the solubility of the glucan products and the ratio
of �-(133) versus �-(136) and �-(134) versus �-(136) glu-
cosidic linkages in the polymer (96, 123, 149, 173).

For CGTase, amylosucrase, neopullulanase, acarviosyltrans-
ferase, and the branching enzyme of family GH13 (3, 13, 96,
101, 102, 104, 105, 206) and GS enzymes of family GH70, these
regions have been proven to be important for product forma-
tion, giving further insights into the structural relatedness of
GS and family GH13 enzymes (see below).

The effects of different amino acid substitutions in the (pu-
tative) acceptor substrate binding regions and other conserved
regions in the catalytic core of LAB GS enzymes have been
investigated in the past years. In many cases the mutant en-
zyme products and activities have been thoroughly character-
ized. Below, we present a structured summary of the effects of
these mutations.

(a) Affecting glucosidic linkage type. Site-directed mutagene-
sis allowed identification of several GS regions influencing
glucosidic linkage specificity in glucan and oligosaccharide
products, apart from Gln937 (see above). Below, the results for
a number of mutations done in amino acids in regions II and
IV, by analogy to family GH13 most likely representing accep-
tor substrate binding subsites, are summarized (Fig. 1). Deriv-
atives of the L. reuteri 121 GTFA protein containing mutation
Pro1026Val (Fig. 1D) showed a clear change in the oligosac-
charide and glucan products synthesized (96). Mutations in the
tripeptide immediately following Asp1133, the putative transi-
tion state-stabilizing residue in GTFA of L. reuteri 121
(Asn1134Ser:Asn1135Glu:Ser1136Val; Fig. 1F), resulted in a
drastic increase in �-(136) glucosidic linkages (�40%) and a
drastic decrease in �-(134) linkages (�40%) in the polymer
synthesized compared to the wild type (96). Also, a quintuple
mutant was constructed, by combination of this triple amino acid
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mutant (Asn1134Ser:Asn1135Glu:Ser1136Val) with a double
mutant (Pro1026Val:Ile1029Val) located in and near region II
(Fig. 1D), resulting in an even further enhanced ratio of
�-(136) to �-(134) glucosidic linkages in its glucan (and also
oligosaccharide) products (96). Mutation Thr667Arg (Fig. 1F)
in DSRS of L. mesenteroides NRRL B-512F resulted in 8%
more �-(133) linkages in the dextran product (149).

(b) Affecting glucan solubility. Besides the glucosidic linkage
type, polymers may be classified based on their solubility prop-
erties. This characteristic is undoubtly related to the structure
of the polymers (linkage type, branching, and size) and thus
reflects intrinsic enzyme properties.

In different GS enzymes, mutations in the residue located
five amino acids behind the catalytic Asp1133 (Asp1138 GTFA
of L. reuteri 121 numbering and equivalent to Thr667Arg in
DSRS of L. mesenteroides NRRL B-512F) resulted in a shift in
glucan solubility (Fig. 1F). Mutation Thr589Glu in GTFD of S.
mutans GS-5 lowered the amount of soluble glucan synthesized
from 86 to 2%, and the number of �-(133) linkages in the
insoluble mutan product synthesized also decreased from 76 to
38% (173). The reverse shift, from a completely insoluble
glucan to more soluble glucan synthesis, was observed when
the similar amino acid residue was mutated in GTFB (mutant
Asp567Thr) of S. mutans GS-5 (increase in soluble glucan
from 0 to 24%) and in GTFI (mutant Asp569Thr) of S. downei
MFe28, analysis of the soluble fraction showed production of
an �-(136)-linked glucan (123, 173).

The effects of substitutions in a number of other amino acids
on glucan solubility have also been reported: Asp457Asn (C-
terminal of conserved region II), Asp571Lys (Fig. 1F),
Lys779Gln and Lys1014Thr (not shown), all in GTFB of S.
mutans GS-5, and Asn471Asp in GTFD of S. mutans GS-5
(173). These mutations resulted in an increase of soluble glu-
can synthesis from 0 to 37%, from 0 to 18%, from 0 to 3%, and
from 0 to 14%, and insoluble glucan synthesis from 14 to 38%,
respectively (173). The most marked effect was achieved (from
0 to 73% soluble glucan) when the six single GTFB mutants
were combined (173). Mutagenesis of GTFB Val412Ile and
GTFC Val438Ile resulted in enhanced insoluble glucan syn-
thesis of about 10 to 20%, whereas soluble glucan synthesis by
these enzymes was significantly lower than for the wild type
(28) (Fig. 1C).

It is known that water-insoluble glucans contain mainly
�-(133) linkages and soluble glucans mainly contain �-(136)
glucosidic linkages (173). Unfortunately, the linkage types, de-
grees of branching, and sizes of the glucans synthesized by
these GTFB and GTFD site-directed mutants have not been
reported; conceivably, changes in either may have an effect on
glucan solubility (173). Detailed analysis of these polymers
may provide further insights on the structure-function relation-
ships of GS enzymes.

(c) Affecting enzyme activity. Within the four conserved re-
gions (I to IV) present in the catalytic core of GS enzymes,
apart from the catalytic residues, other amino acid residues
important for enzyme activity have been identified. Mutation
of the highly conserved Trp491Gly in GTFB of S. mutans GS-5
(Fig. 1E) resulted in complete loss of enzyme activity (202)
(Fig. 1). A double mutation in GTFA of L. reuteri 121,
His1065Ser:Ala1066Ser, showed a very strong change in en-

zyme activity, but no influence on glucosidic linkage specificity
(96). It was concluded that these residues are located further
away from the (putative) �1 and �1 sugar binding subsites
(96).

The GS-5 catalytic core commonly starts with two to four
conserved Tyr residues (Fig. 1A). Conversion of one to four of
these Tyr residues, at positions 169 to 172 in GTFB of S.
mutans GS-5, into Ala residues had little effect on overall
activity. Only the adhesiveness of the glucan products synthe-
sized was altered by these mutations, suggesting that changes
had been introduced in the glucan structure (202).

Using antibodies and chemical modification two regions,
separate from the four conserved (I to IV) regions and up-
stream of conserved region II, that were important for activity
were identified. The first of these regions extends from amino
acids 368 to 382 in GTFC of S. mutans GS-5 (Fig. 1B), and the
second region corresponds to GTFC residues 435 to 453 (27,
37, 57) (Fig. 1C). Subsequent mutational analysis of the first
region in GTFI allowed identification of several residues (mu-
tants Trp344Leu, Glu349Leu, and His355Val) that are impor-
tant for activity (122) (Fig. 1B). Important amino acid residues
in the second region have also been identified. Substitution of
Asp511 and Asp513 of DSRS from L. mesenteroides NRRL
B-512F in Asn residues resulted in complete loss and in a
strong decrease in glucan- and oligosaccharide-synthesizing
activities, respectively (119). Similar residues in GTFB from S.
mutans GS-5 (Asp411 and Asp413) and GTFC from S. mutans
GS-5 (Asp437 and Asp439) have been mutated into Asn res-
idues, also affecting glucan-synthesizing activity (28). Site-di-
rected mutagenesis of GTFB (Glu422Gln) and GTFC
(Glu448Gln) resulted in 40% reduced glucan-synthesizing ac-
tivity (28, 119) (Fig. 1C).

C-terminal domain. Several studies have shown that the
C-terminal domain of GS is involved in glucan binding. There-
fore, it has been designated the glucan binding domain (GBD)
(1, 82, 87, 99, 108, 120, 172). For a few GS enzymes, evidence
has been presented that the C-terminal domain is also involved
in determining the structure of the synthesized glucan (99,
214). In addition, the C-terminal GBD appears to be necessary
for GS activity (99, 132). However, deletion of a large part of
the C-terminal GBD had little effect on enzyme activity in, e.g.,
GTFI of S. downei MFe28 (116). Some GS enzymes with de-
letions at the C-terminal end retained hydrolytic activity, but
glucan binding and synthesizing properties had become lost
(56).

The precise role of the GBD domain in enzyme catalysis
remains largely unknown. The GBD may be of importance for
polymer chain growth. It has been suggested that the C-termi-
nal domain plays a facilitating role in the transfer of products
from the catalytic site (120).

The C-terminal domain of all reported GS is composed of a
series of repeating units which have been divided into four
classes, A, B, C, and D (Table 3). Site-directed mutagenesis
studies of conserved amino acid residues in different A repeats
of GFTI of S. downei MFe28 suggested that they do not con-
tribute equally to the overall binding of dextran or that corre-
sponding residues in different repeats may differ in their con-
tributions (171).

Within these different repeats, a common conserved stretch
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of amino acids, designated the YG repeat, can be distinguished
(58) (Table 3). The number, class, and distribution of these
repeats are specific for each enzyme (124). L. mesenteroides
NRRL B-512F dextransucrase contains, besides A and C re-
peats, N repeats, which have not been identified in streptococ-
cal GS. These N repeats are not highly conserved but possess
the main characteristics of YG repeats (120). Alternansucrase
from L. mesenteroides NRRL B-1355 contains a single A repeat
and distinct short repeats, DG(X)4APY (4).

Compared to the GBDs of other GS enzymes (average
length, 400 to 500 amino acids), GTFA and GTFB from L.
reuteri 121, GTFML1 from L. reuteri ML1, GTFO from L.
reuteri ATCC 55730, and GTF180 from L. reuteri 180 possess
relatively short GBDs of 134 to 263 amino acids (Fig. 1) (95,
97). The GBDs of L. reuteri GS enzymes lack A, B, C, and D
repeats and consist of several (less well) conserved YG repeats
(94, 95, 97). Also the putative GBDs of GTFKg15 from Lac-
tobacillus sakei Kg15, GTFKg3 from Lactobacillus fermentum
Kg3, and GTF33 from Lactobacillus parabuchneri 33 lack A, B,
C, and D repeats and consist of various numbers of conserved
and less-well-conserved YG repeating units. GTF33 contains,
besides the 17 YG repeats, two unique repeating units desig-
nated KYQ that show no significant similarity to any protein
motif present in the databases (Table 3). GTFKg15 possesses
an additional stretch of amino acids at the end of its putative
GBD showing similarity to part of a putative extracellular
matrix binding protein from Streptococcus pyogenes M1 (95).

Reaction Mechanism of Glucansucrase Enzymes

The catalytic mechanism of GS enzymes is complicated and
not yet fully understood. There are several aspects complicat-
ing the elucidation of the reaction mechanism: various glucans
as well as oligosaccharides are synthesized and a sucrose hy-
drolysis reaction may also occur. Furthermore, many GS en-
zymes also catalyze branching reactions, resulting in synthesis
of different types of glucosidic linkages.

Two alternative mechanisms have been proposed for the
glucan chain growth. Nonreducing end elongation involves the

presence of one amino acid residue (an Asp or Glu) acting as
a nucleophilic group and another residue acting as a proton
donor. The glucan chain grows by successive insertions of glu-
cose units between the catalytic site of the enzyme and the
reducing end of the glucan polymer. Reducing end elongation
occurs in two steps involving two sucrose binding sites (nucleo-
philes): (i) the nucleophilic sites attack two sucrose molecules
to give two covalent glucosyl-enzyme intermediates and (ii) the
C-6 hydroxyl of one of the glucosyl intermediates makes a
nucleophilic attack onto C-1 of the other glucosyl intermediate
to form an �-(136) glucosidic linkage and an isomaltosyl in-
termediate. The newly released nucleophilic site attacks an-
other sucrose molecule to give a new glucosyl-enzyme inter-
mediate. This symmetrical and alternative role of the two
sucrose binding sites results in growth of the glucan chain by its
reducing end (124, 153, 155). This mechanism, however, ap-
pears more and more unlikely for GS enzymes in view of the
single covalent intermediate identified (128) and mutational
identification of a single catalytic triad (38, 99). Moreover, only
one active site has been identified in amylosucrase (GH13)
(3, 183).

The amylosucrase enzyme (from family GH13) from N.
polysaccharea, synthesizing a (short) glucan polymer from su-
crose, uses a double displacement mechanism, similar to that
of other family GH13 enzymes. This mechanism involves the
formation of a covalent glucosyl-enzyme intermediate (con-
firmed by three-dimensional structural data) (3, 80, 204). In a
subsequent step this glucose moiety is transferred onto a water
molecule (overall resulting in sucrose hydrolysis) or onto a
hydroxyl group of a sugar acceptor (transglucosylation reac-
tion). As for amylosucrase, again only one site capable of
making a covalent bond with the glucose moiety, originating
from the breakdown of sucrose, has clearly been identified in
GS enzymes (high performance liquid chromatography analy-
sis of tryptic digests of a trapped covalent glucosyl-GS enzyme
intermediate) (80, 128).

At first a processive mechanism (polymer chain remains
bound to the enzyme) was suggested for polymer formation by

TABLE 3. Consensus sequences of repeating units present in the N- and/or C-terminal domain of GS enzymes from LABa

Repeats Strains Gene(s) Consensus sequence Designation Reference(s)

N-terminal L. mesenteroides NRRL
B-1355

asr WYYFDNNGYAVTLGLQTINGQHLYFDANGVQVKG Partial A repeats 79

L. mesenteroides NRRL
B-512F

dsrT TDDKA(A/T)TTA(A/D)TS Motif T 56

L. mesenteroides NRRL
B-1299

dsrE PA(A/T)DKAVDTTP(A/T)T Motif S 17

L. reuteri 121 gtfA R(P/N)DV-X12-SGF-X19–22-R(Y/F)S RDV repeats 97
L. sakei Kg15,

L. fermentum Kg3
gtfKg15, gtfKg3 NDGYYFXXXGXXH°X(G/N)H°H°H° YG repeat 95

L. parabuchneri 33 gtf33 TTTQN(A/T)(P/A)NN(S/G)N(D/G)PQS TTQ repeat 95

C-terminal
S. downei MFe28 gtfS WYYFNXDGQAATGLQTIDGQTVFDDNGXQVKXG A repeats 8, 61, 171

S. downei MFe28 gtfI VNGKTYYFGSDGTAQTQANPKGQTFKDGSVLR
FYNLEGQYVSGSGWY

B repeats 48

S. downei MFe28 gtfS DGKIFFDPDSGEVVKNRFV C repeats 8, 61
S. salivarius ATCC 25975 gtfJ GGVKNADGTYSKY D repeats 60
S. mutans GS-5, S. downei

MFe28, S. salivarius
ATCC 25975,
S. sobrinus 6715

8 genes NDGYYFXXXGXXH°X(G/N)H°H°H° YG repeat 58, 87

L. parabuchneri 33 gtf33 AVK(T/A)A(K/Q)(A/T)(Q/K)(L/V)(A/N)K(T/A)KAQ(I/V)
(A/T)KYQKALKKAKTTKAK(A/T)QARK(S/N)
LKKA(E/N(T/S)S(F/L)(S/T)KA)

KYQ repeat 95

a Boldface indicates conserved amino acids; RDV, KYQ, and TTQ residues are underlined; X, nonconserved amino acid residue.

166 VAN HIJUM ET AL. MICROBIOL. MOL. BIOL. REV.



amylosucrase (145). A more detailed analysis showed that
amylosucrase polymer formation is nonprocessive (release of
the polymer chain after each glucose residue transfer and pres-
ence of intermediate oligosaccharides) (3). Early evidence in-
dicates that GS glucan polymer synthesis proceeds in a pro-
cessive manner, since oligosaccharide reaction intermediates
cannot be detected and high-molecular-mass polysaccharide
products are obtained at early reaction times (16, 44, 201).
However, it cannot be excluded that the use of more sensitive
analytical techniques of GS reaction products could reveal the
presence of oligosaccharide reaction intermediates (indicative
of a nonprocessive mechanism) (3).

Analysis of the three-dimensional structural information for
amylosucrase proteins (GH13) with bound sucrose and oligo-
saccharide substrates and products provided convincing evi-
dence for the use of a non-reducing-end elongation mechanism
(3). Various studies of product formation by GS enzymes in-
cubated with sucrose and acceptor substrates showed (e.g.,
conversion of maltose into panose by GTFA of L. reuteri [121])
that GS also use sucrose to elongate their oligosaccharide
acceptor substrates at the nonreducing end (5, 42, 95, 99, 121,
130). Mutant data for GTFA of L. reuteri 121 showed similar
changes in glucosidic bond specificity with both oligosaccha-
ride and polysaccharide products (96). Both amylosucrase and
GS enzymes thus appear to employ a non-reducing-end elon-
gation mechanism for oligosaccharide and polymer synthesis.

Further studies need to focus on elucidation of the three-
dimensional structures of GS enzymes, ideally with substrate-
enzyme and/or product-enzyme complexes. This may allow
elucidation of the exact reaction mechanism of family GH70
enzymes and identification of structural features determining
differences in product specificity such as (i) number and posi-
tion of sugar binding donor and acceptor subsites, (ii) residues
involved in substrate/product binding, (iii) glucosidic bond
specificity, and (iv) degree of branching.

FRUCTANSUCRASES

Bacterial FS synthesize either levan (levansucrase) or inulin
(inulosucrase). Inulosucrase enzymes are exclusively present in
LAB, while levansucrase enzymes are widely distributed in
both gram-positive and gram-negative bacteria. At the amino
acid level, the levansucrases of gram-positive and those of
gram-negative bacteria show low similarity (about 20%). In
general, FS enzymes of LAB origin are larger than their non-
LAB counterparts. The levansucrase of S. salivarius ATCC
13419 is a particularly large enzyme with a molecular mass of
140 kDa (136). Most of the research has been performed on
levansucrases, in particular on enzymes from Bacillus spp. (12,
107, 189, 195) and Zymomonas spp. (71, 187, 219, 220), and, to
a lesser extent, Lactobacillus spp. (196, 211, 213), Streptococcus
spp. (59, 174), and Gluconacetobacter spp. (6) species. In order
to provide a state-of-the-art view of the FS field of research,
work performed on non-LAB FS is also discussed.

Reactions Catalyzed and Fructan Product Synthesis

Bacterial FS are extracellular enzymes that cleave the gly-
cosidic bond of their substrate sucrose (and in some cases also
raffinose) and use the energy released to couple a fructose unit
to (i) a growing fructan (either levan or inulin) chain (trans-

fructosylation), (ii) to sucrose, (iii) to water (hydrolysis), or (iv)
to another acceptor (such as raffinose). Because sucrose is used
as the acceptor in the initial priming reaction, bacterial fruc-
tans contain a nonreducing glucose unit at the end of the chain
(52). In the initial reaction of FS, the fructose of a sucrose
molecule is coupled by the enzyme to another nonreducing
fructose with a free primary alcohol at position C-2, acting as
an acceptor substrate, e.g., sucrose, raffinose, or a fructan mol-
ecule (35, 152). This is also referred to as the priming reaction.
In subsequent steps, the enzyme elongates the primer. A clear
difference between FS and GS enzymes is the fact that GS
enzymes cannot use sucrose as an acceptor but rather the
cleaved glucose residue (see above).

Fructan synthesis. In general, LAB produce two types of
fructans using FS (see also Table 2): levans, consisting mainly
of �-(236)-linked fructose residues, occasionally containing
�-(231)-linked branches, and inulin-type fructans, with �-(231)-
linked fructose residues, with �-(236)-linked branches. Levan
production has been reported for streptococci (19, 70, 178), L.
mesenteroides (156), L. reuteri 121 (208, 210), and Lactobacillus
sanfranciscensis (92, 93). Lactobacillus frumenti, Lactobacillus
pontis, Lactobacillus panis and Weissella confusa were also
found to produce fructans, but their fructan binding types have
not been determined (92, 93, 198). Inulin production by LAB
has been observed in some cariogenic S. mutans and S. saliva-
rius strains (45, 158, 174), Leuconostoc citreum CW28 (138),
and L. reuteri 121 (212, 213).

The molecular masses of the fructans produced (if determined)
show a large variation, from 2 � 104 to 50 � 106 Da (Table 2).
There are some reports that the molecular mass of the fructan
produced is dependent on growth and incubation conditions, e.g.,
the temperature, salinity, and sucrose concentration used (10,
192, 193).

Fructo-oligosaccharide synthesis. All known bacterial FS
catalyze fructose transfer from sucrose (or raffinose) to a num-
ber of acceptors other than the fructan polymer. Examples of
possible acceptors are water (hydrolysis of sucrose) and sucrose
and raffinose (yielding a tri- or tetrasaccharide, respectively),
short-chain acylalcohols, various mono- to tetrasaccharides
(22, 86, 194), and sorbitol (144). The ability of L. sanfranci-
scensis levansucrase to use raffinose, maltotriose, maltose, xy-
lose, or raffinose as fructosyl acceptors, leading to the forma-
tion of a range of heterooligosaccharides, has been reported
recently by Tieking et al. (199). Additionally, high performance
liquid chromatography analysis of the reaction products of this
levansucrase with 0.4 M raffinose as the fructose donor and
acceptor revealed the presence of tetra-, penta-, and hexasac-
charides (GalGF2 to GalGF4; Gal is galactose) in addition to
melibiose (GalG), raffinose, kestose, and nystose. This proves
the ability of the enzyme to use raffinose not only as an accep-
tor but also as a donor of fructose moieties.

Structural and Functional Organization of
Fructansucrase Enzymes

Although the reactions performed by FS and GS are similar
with respect to the use of sucrose as the substrate, the proteins
involved do not share sequence similarity. Based on deduced
amino acid sequences, the overall FS structure is divided into
four regions (Fig. 3): (i) a signal peptide, (ii) an N-terminal
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stretch that varies in length, (iii) a conserved catalytic core of
about 500 amino acids that is shared between all family GH68
members (carbohydrate-active enzyme website: http://afmb
.cnrs-mrs.fr/CAZY) (33), and (iv) a C-terminal stretch of var-
ious lengths, in some cases with a cell wall binding domain
(LPXTG; see below).

Signal peptide and N-terminal variable domain. Since bac-
terial FS are extracellular enzymes, they contain an N-terminal
signal sequence that targets these enzymes for secretion (Fig.
3). The signal peptide-containing precursor is cleaved upon
secretion of FS by gram-positive bacteria (11, 107, 147, 189,
195, 211). The N-terminal domain (Fig. 3) varies in size be-

tween the FS and no function has yet been assigned to this
domain.

Catalytic domain. Most work on structure-function relation-
ships of the core region has been performed on non-LAB FS
enzymes. The results obtained for non-LAB FS enzymes have
(in part) been corroborated by work performed on LAB FS
(see below). Therefore, the results for non-LAB FS are also
discussed below.

(i) Catalytic residues. Recently, high-resolution crystal
structures of the non-LAB Bacillus subtilis SacB levansucrase
(at 1.5 Å) and a sucrose-bound inactive mutant of the same
enzyme (at 2.1 Å) have been described. Both structures show

FIG. 3. Schematic representation of FS proteins from LAB. The L. reuteri 121 inulosucrase (Inu) deduced amino acid sequence was used as
the template (AF459437). The four different regions shown are (i) the N-terminal signal sequence; (ii) the N-terminal variable region; (iii) the
catalytic core; and (iv) the C-terminal variable region (which in some cases contain an LPXTG cell wall anchor). Alignments (SequenceLogo,
http://weblogo.berkeley.edu/) are shown of short regions in LAB FS protein amino acid sequences (Table 2) with conserved amino acid residues
for which mutant information is available in literature. (A) Asp86 in B. subtilis SacB identified as the nucleophile based on crystal structure data
for (inactive) mutant Glu342Ala with a bound sucrose (113) and biochemical characterization of the L. reuteri 121 Inu Asp272Asn mutant (140).
(B) Mutant Glu117Gln in Z. mobilis SacB, resulting in a higher transglycosylation activity (220); SGSA, sucrose binding box 1, a region conserved
between sucrose-utilizing enzymes (167). (C) Mutant Asp312Ser in S. salivarius ATCC 25975 FS (possibly involved in acceptor recognition and/or
stabilizing a beta turn in the protein) (185). (D) “Sucrose binding box 2,” a region conserved between sucrose-utilizing enzymes (167). (E) RDP
motif, with mutant Asp397Ser in S. salivarius ATCC 25975 FS resulting in complete loss of sucrose hydrolysis and polymerization activities (185),
mutant Asp309Asn in G. diazotrophicus LsdA, with a 75-fold reduced catalytic activity (9), mutant Asp194Asn in Z. mobilis SacB, with a 3,400-fold
decrease in catalytic activity (220), and Asp247 in B. subtilis SacB and Asp272 in L. reuteri 121 Inu (stabilizer of the oxocarbenium-like transition
state) (113, 140). (F) Mutant Glu211Gln in Z. mobilis SacB, with sucrose hydrolysis reduced to 28%, and highly reduced transfructosylation activity.
(G) Mutant Glu278Asp (30-fold lower catalytic activity), mutant Glu278His (virtually inactive enzyme) in Z. mobilis levansucrase SacB (220), and
Glu342 in B. subtilis SacB and Glu523 in L. reuteri 121 Inu (acid/base catalyst) (113, 140). (H) Arg331His (higher oligosaccharide formation) in
levansucrase from B. subtilis SacB (22).
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a rare five-fold �-propeller topology with a deep, negatively
charged central pocket (113). This topology differs strongly
from the (�/�)8 barrel identified in family GH13 enzymes and
putatively assigned to GS enzymes of family GH70 (see above).
The central pocket is composed mostly of residues belonging
to highly conserved sequence motifs, including invariant acidic
residues Asp86 (Fig. 3A), Asp247 (Fig. 3E), and Glu342 (Fig.
3G). As with GS and the enzymes of family GH13, these
residues form the catalytic triad (nucleophile, transition state
stabilizer, and acid-base catalyst, respectively). This has been
proven by the mutational analysis of these residues and their
equivalents in L. reuteri 121, the Inu and Lev enzymes (140).

Recently, a three-dimensional structure has been reported
for the levansucrase enzyme of the non-LAB Gluconaceto-
bacter diazotrophicus (112). The three-dimensional structure of
this enzyme displays the same five-bladed �-propeller archi-
tecture as the B. subtilis levansucrase enzyme. The three-di-
mensional positions of the three catalytic residues of both
levansucrases are superimposable, indicating strong structural
relatedness of these enzymes.

(ii) Catalytic site. Based on the B. subtilis SacB (113) and G.
diazotrophicus LsdA (112) three-dimensional structures, resi-
dues directly involved in binding of sucrose in the active site
and constituting the �1 and �1 sugar binding subsites have
been identified (nomenclature according to Davies et al. [34]).
In short, cleavage of the substrate (e.g., sucrose) takes place
between subsites �1 and �1, and the enzyme forms a covalent
intermediate with the cleaved substrate (i.e., fructose) at sub-
site �1. Subsequently, the cleaved substrate is coupled to the
acceptor molecule (e.g., fructan).

Figure 4 shows the main amino acids involved in FS cataly-
sis. Based on the available three-dimensional structures and
sequence alignment of family GH68 proteins, residues creating
subsite �1 have been identified in B. subtilis SacB, G. diazo-
trophicus LsdA, and L. reuteri 121 inulosucrase (Inu) and
levansucrase (Lev) (Fig. 4). Strikingly, subsite �1 differs
among the enzymes from family GH68. These differences at
the �1 subsite distinguish FS enzymes from gram-positive
(SacB and Inu) and gram-negative (LsdA) bacteria. They do
not, however, distinguish between polymerizing (SacB) and
oligomerizing (LsdA and Inu) or inulin (Inu)/levan (SacB,
LsdA) synthesizing enzymes (72, 193, 213).

(iii) Mutations affecting product formation. The three-di-
mensional structures of the B. subtilis and G. diazotrophicus
levansucrases have provided important insights into the func-
tional roles of several conserved amino acid residues in this
core region (112, 113). Two regions that are highly conserved
among FS and sucrose-hydrolyzing enzymes, invertases, have
been designated sucrose binding boxes (SBB) (Fig. 3B and D).
Asp312, located between SBB1 and SBB2 (Fig. 3C) of S.
salivarius ATCC 25975 levansucrase, is most likely involved in
determining acceptor recognition or stabilizing of a �-turn in
the protein (185). Analysis of the three-dimensional structure
of B. subtilis SacB revealed that Asp312 indeed forms a 180°
reverse �-turn between SBB1 and SBB2 and is located on the
surface of the protein, far from the active site (113).

Several independent studies revealed that transglycosylation
and hydrolysis reactions could be modulated separately by
mutagenesis or even by changing reaction conditions. Selective
inhibition of transglycosylation activity of Zymomonas mobilis

levansucrase has been reported by Senthilcumar et al. (169).
Point mutations in the “sucrose binding box” in levansucrase of
Z. mobilis caused significant changes in the transglycosylation
efficiency of the enzyme (220). The transglycosylation versus
hydrolysis ratio could be also be altered by immobilization of
the enzyme on hydroxyapatite, thereby mimicking in vivo con-
ditions, where levansucrases are attached to the cell wall of
bacteria or to the tooth surface. The activity of immobilized B.
subtilis levansucrase was directed mainly towards its polymer-
izing activity (23).

Mutation of Arg331 in the B. subtilis levansucrase (Fig. 3H)
yielded enzymes that were differently affected in transfructo-
sylation activity depending on the substitution chosen; three
variants (Arg331Lys, Arg331Ser, and Arg331Leu) lost the abil-
ity to synthesize levan and were only able to produce the
trisaccharide kestose. It has been suggested that the side chain
of Arg331 could act as a proton donor in the bifunctional
catalysis (22). Analysis of the three-dimensional structure of
the B. subtilis levansucrase showed, however, that this Arg331

FIG. 4. Close-up view of the active site of mutant Glu342Ala B.
subtilis SacB levansucrase with a bound sucrose molecule (structure
accession code 1PT2). The model was created using SwissPdb Viewer
(62). Hydrogen bonds are shown by dashed lines (based on reference
113). Numbering of amino acid residues is based on B. subtilis SacB,
with the numbering of L. reuteri 121 Inu (Table 2) in parentheses.
Based on structural information about the SacB (113) and G. diazotro-
phicus LsdA (112) three-dimensional structures and alignments of FS
amino acid sequences the �1 (underlined) and �1 (italics) subsites of
family GH68 enzymes were identified (this work). The �1 subsite is
constituted of the catalytic nucleophile (Asp86 in SacB, Asp135 in
LsdA, and Asp272 in Inu) (Fig. 3A), the neighboring Trp residue
(Trp85 in SacB, Trp134 in LsdA, and Trp271 in Inu) (Fig. 3A), two
residues located in the RDP motif that is conserved in most members
of family GH68 (Arg246, Asp247 in SacB, Arg308, Asp309 in LsdA,
and Arg423, Asp424 in Inu) (Fig. 3E), and a Trp residue bordering the
sucrose binding pocket and located very close to the fructose moiety at
�1 (Trp163 in SacB, Trp224 in LsdA, and Trp340 in Inu) (Fig. 3B).
The �1 subsite is constituted of Arg/His (Arg360 in SacB, His419 in
LsdA, and Arg541 in Inu) (Fig. 3H), Glu/Gln located two residues
upstream of the acid-base catalyst (Glu340 in SacB, Gln399 in LsdA,
and Glu521 in Inu) (Fig. 3G), and Arg from the RDP motif (also
involved in formation of the �1 subsite) (Arg246 in SacB, Arg308 in
LsdA and Arg423 in Inu) (Fig. 3E).
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residue is structurally involved in the acceptor binding site
(113). Similar conclusions were drawn from a His296-mu-
tagenized Z. mobilis levansucrase enzyme (220).

A pressing question is what structural features in FS en-
zymes determine their specificity for synthesis of either
�-(236) or �-(231) linkages and the sizes of the fructans
produced. At present, no three-dimensional structural infor-
mation has been published for inulosucrase enzymes. The G.
diazotrophicus and B. subtilis levansucrase enzymes synthesize
fructo-oligosaccharides and levan polymers, respectively. Fur-
ther investigation of both three-dimensional structures might
give clues to the difference in product profiles of these en-
zymes. The lack of structural data for complexes between FS
and their fructosyl acceptors makes it difficult to understand
what determines the polymer versus short oligosaccharide syn-
thesis ratio.

(iv) Calcium binding site. Analysis of the three-dimensional
structure of B. subtilis levansucrase has provided evidence for
a presence of a bound metal ion, most likely Ca2� (113).
Asp339 of B. subtilis levansucrase was identified as one of the
residues coordinating Ca2� ions in the enzyme structure. The
functional role of this residue has been studied by mutating
equivalent amino acid residues in the inulosucrase and levan-
sucrase from L. reuteri, Asp520Asn and Asp500Asn, respec-
tively (139). Both mutants showed a decreased optimal tem-
perature and the apparent affinity for Ca2� binding was
reduced significantly, 1,600-fold and 35-fold, respectively. Also,
the S. salivarius ATCC 27975 levansucrase enzyme is depen-
dent on calcium ions for enzyme activity (78).

Sequence alignment of family GH68 members revealed that
residues involved in binding of the calcium are conserved in
most enzymes from gram-positive bacteria, but are absent in
proteins of gram-negative origin (139). Most likely a disulfide
bridge present in the three-dimensional structure of G. dia-
zotrophicus (gram-negative) plays a similar role to the calcium
binding site identified in FS enzymes from gram-positive bac-
teria (112).

C-terminal domain. As with GS, the C-terminal domain of
FS enzymes might affect product size and/or enzyme specific-
ity. The only evidence for such a claim is the observation that
a C-terminal enlargement of the FS enzyme from the non-LAB
B. subtilis was shown to produce a larger fructan polymer which
was mainly due to an increase in branches in the levan (24).

A different function for the C terminus of FS is the attach-
ment of these enzymes to the cell wall of its producing organ-
ism. A common C-terminal LPXTG cell wall-anchoring motif
(49, 133, 134) (Fig. 3) is found in both inulosucrase (213) and
levansucrase (211) from L. reuteri 121. A motif resembling the
LPXTG cell wall-anchoring motif is present in the cell wall-
associated S. salivarius ATCC 25975 levansucrase (148). Pro-
teins displayed on the bacterial surface may have various func-
tions for the bacterial cell. For Staphylococcus aureus, surface
proteins are thought to play a major role in the infection
process in humans (200). Surface proteins from urogenital
Lactobacillus spp. mediate adhesion to tissue cells (77, 177)
and play a role in the maintenance of a healthy urogenital
microbiota. Cell-associated homopolysaccharides, produced by
sucrase enzymes anchored to the cell surface, may also be
involved in adherence of the organism to a surface, such as
teeth and the intestinal mucosa (159).

Reaction Mechanism of Fructansucrase Enzymes

A detailed biochemical characterization of FS enzyme reac-
tions is complicated by the fact that FS generate new fructan
molecules, which in turn can be used as acceptor substrates.
Accordingly, a multiple chain elongation mechanism in which
the fructose residues are added randomly to all fructan accep-
tor molecules has been proposed (25). The nature of the fruc-
tosyl acceptor, except water, thus changes as the reaction pro-
ceeds. Kinetic and chemical studies of the levansucrase of B.
subtilis further suggest that each fructose unit is added one at
a time onto an acceptor molecule (25).

Most FS enzymes follow Michaelis-Menten kinetics for the
hydrolysis and transferase reactions. Exceptions to this rule are
the L. reuteri 121 inulosucrase and levansucrase enzymes and
L. sanfranciscensis levansucrase, which cannot be saturated by
their substrate, sucrose (in the case of the L. reuteri 121 levan-
sucrase, only at 50°C) (196, 211, 212). This phenomenon has
also been observed for some plant enzymes that synthesize
inulin polymers (91). Low-molecular-mass fructans accelerate
the rate of polysaccharide formation and increase the fructan-
to-free fructose ratio (46, 212). This may partly explain the
unusual reaction kinetics observed for the above-described
enzymes.

A two-step mechanism has been proposed for catalysis by FS
enzymes. They contain an acidic group and a nucleophilic
group essential for transfructosylation (180). The first identi-
fication of a nucleophilic group responsible for binding to the
fructose moiety, determined by a covalent intermediate of sub-
strate and enzyme, was in 1976 by Chambert and Gonzy-
Treboul for the B. subtilis levansucrase (21). Information about
the position and identity of this Asp residue has been deter-
mined from the three-dimensional crystal structure of the B.
subtilis levansucrase (113). An Asp amino acid residue in the
conserved RDP motif across families GH68 and GH32 (Fig.
3E) has been shown to be involved in the stabilization of the
transition state by analysis of the B. subtilis levansucrase three-
dimensional structure (113). Mutation of this Asp residue
resulted in dramatic decreases of catalytic activities in both
L. reuteri 121 FS (140) and the S. salivarius levansucrase
enzymes (185).

Based on the observation that the polymerizing activity of
the enzyme could be modulated separately from the oligomer-
ization activity, a reaction mechanism involving two active sites
has been proposed for the S. mutans FS (188). However, both
levansucrase three-dimensional structures provide evidence
for only a single active site (112, 113).

Putative Fructansucrases in Lactic Acid Bacteria

Several putative FS-encoding genes have been identified in
the genome sequences of Streptococcus, Leuconostoc, and Lac-
tobacillus strains (Table 4). Although their sizes are quite di-
vergent, their core regions are all around 450 amino acids long.
Since the characteristic residues of the sucrose binding boxes
and the catalytic triad are present, these genes may very well
encode active FS enzymes. The putative Lactobacillus johnsonii
and Lactobacillus gasserii FS genes (Table 4) show strong
amino acid sequence similarity (62% identitity and 75% simi-
larity over 709 amino acids and 61% identitity and 74% simi-
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larity over 663 amino acids, respectively) to the L. reuteri 121
inulosucrase, which might indicate their inulosucrase identity.

Mining newly released genome sequences might reveal new
types of sucrase genes. An example of such a new type of
sucrase gene is islA of Leuconostoc citreum CW28 (Table 2), a
hybrid between a GS and an FS gene (137). Its N-terminal
region is similar to the variable region of alternansucrase from
L. mesenteroides NRRL B-1355, its catalytic domain is similar
to the core region of FS from various bacteria, and its C-
terminal domain displays similarity to the GBD from alternan-
sucrase (see above). Other exciting possibilities are enzymes
that synthesize new types of polymers, such as a fructan with
alternating �-(231)- and �-(236)-linked fructose residues or
even a polymer containing combinations of glucose and fruc-
tose residues.

CONCLUSIONS AND FUTURE DIRECTIONS

Lactic acid bacteria are a promising source of polysaccha-
rides and oligosaccharides for health, food, and nutritional
applications. LAB synthesize a large diversity of glucans and
fructans, homopolysaccharides that vary, for instance, in mo-
lecular mass, glycosidic linkages, solubility, and degree of-
branching. These parameters determine to a large extent the
functional properties of both glucan and fructan polymers. As
reviewed in this paper, information about structure-function
relationships in the sucrase-type enzymes that synthesize these
polymers from sucrose is still limited but increasing rapidly.

Most progress has been made with respect to FS enzymes.
Recently, two high-resolution three-dimensional structures of
the B. subtilis and G. diazotrophicus levansucrases (family
GH68) have been reported (112, 113), providing strong prom-
ise for rapid further progress. The levansucrase and inulo-
sucrase enzymes characterized are highly similar in their pri-
mary amino acid sequences and the chemical reactions they
catalyze but synthesize rather different fructan polysaccharides
(levan and inulin). Elucidation of an inulosucrase three-dimen-
sional structure and further detailed biochemical comparisons
of (mutant) inulosucrase and levansucrase enzymes may pro-
vide clear insights into the structure-function relationships of

these FS enzymes. Questions to be answered are (i) which
factors determine the fructan binding type specificity, (ii) what
determines the fructan molecular mass, and (iii) what is the
underlying reaction mechanism. Subsequently, mutant en-
zymes may be constructed, synthesizing (hybrid) fructans with
specific sizes and/or containing a specific distribution of glyco-
sidic binding types.

No three-dimensional crystal structures are available yet for
glucansucrase enzymes (family GH70). Their overall sequence
and secondary-structure similarity with �-amylase-type en-
zymes (family GH13), however, has already allowed identifi-
cation of putative acceptor substrate binding subsites and ra-
tional construction of mutant GS enzymes synthesizing glucans
with clearly different glucosidic bond profiles (96) and solubil-
ities (123, 173).

Further breakthroughs in this field are expected in the years
ahead, with enzyme engineering approaches increasingly al-
lowing construction of mutant GS and FS enzymes and the
discovery of new types of sucrase enzymes from genome se-
quences providing exciting possibilities for the synthesis of
tailor-made glucan, fructan polysaccharides, and oligosaccha-
rides for a range of applications.
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